Oxy-fuel combustion has different combustion and heat transfer characteristics from those of air-combustion, due to the high concentration of CO 2 and H 2 O in the flue gas. This study investigated the heat transfer characteristics in a 35 MW oxy-combustion large pilot plant. The experimental and numerical investigations are carried out with a subbituminous coal. The gas temperature, exhaust emission, and heat transfer are measured in conventional aircombustion and oxy-fuel conditions with wet and dry flue gas recycle. Detailed numerical studies of combustion and heat transfer are performed with a modified radiative property model and global reaction mechanism. The results are in good agreement with the experimental data. The effects of char and ash on radiative heat transfer are investigated. The experimental and numerical results show that although the peak temperature decreases, the heat transfer in membrane-wall and superheater in oxy-fuel combustion is slightly greater than that in air-combustion. The absorption coefficient ratios of particle to gas are approximately 2.5 and 2.4 in air-combustion and oxy-fuel combustion. The particle radiation dominates the radiative heat transfer in the pulverized coal combustion, which has a significant influence on the temperature level and distribution.
Introduction
The oxy-fuel combustion is one of the most promising technologies for large-scale carbon capture and storage (CCS) of power plants [1, 2] . A combination of oxygen and recycled flue gas is used for combustion of the fuel. As a result, the flue gas consists mainly of CO 2 and H 2 O. The recycled flue gas (RFG) is used to control the flame temperature and ensure the oxidant volume. The furnace temperature and heat transfer in oxy-fuel combustion differ from those of air-combustion, because of the different physical and chemical properties between CO 2 and N 2 .
In order to achieve the compatible operation of air and oxy-fuel combustion in a new boiler, or retrofit an existing boiler with this technique, the heat transfer process during oxy-fuel combustion should be similar to that during aircombustion. Experimental studies of the heat transfer process in oxy-fuel combustion have been carried out in laboratory and pilot scale furnaces. From the study in Chalmers 100 kW oxy-fuel facility, Andersson et al. [3] found the total radiation intensities is similar during oxy-fuel and air combustion as long as the temperature distributions are similar. From the experiment in 300 kW facility, Tan et al. [4] obtained the heat flux in oxy-fuel combustion can match to that in air-combustion with an O 2 concentration between 28% and 35% in the oxidant.
For application of oxy-coal combustion on a commercial scale, several significant developments have been made on pilot and demonstration scales equivalent to 10-30MWe [5, 6, 7] . The 35 MW large pilot oxy-fuel combustion power plant was constructed in 2015, and stable oxy-fuel combustion was successfully established [8] . This plant was the largest demonstration plant on oxy-coal combustion in Asia. The plant was established to investigate the impacts of air leakage, oxy-air switch combustion, flue gas recycle, and other system parameters.
This paper is aimed to investigate the heat transfer process of oxy-fuel combustion in the 35 MW large pilot boiler. The flue gas temperature and heat transfer in air-combustion and oxy-combustion conditions are measured. Moreover, detailed numerical studies on the oxy-fuel combustion are conducted and the results are validated by the experiment. The heat transfer process in different combustion model is discussed in detail. The effects of char and ash particle on radiative heat transfer are investigated.
Experimental details

System and boiler description
The experiments were performed in a 35 MW oxy-fuel power plant, which is retrofitted from an existing aircombustion power plant. Both dry and wet flue gas recycle modes are carried out. This boiler can provide steam to the steam turbine for power generation. Figure 1 shows the schematic diagram of the 35 MW oxy-fuel combustion power plant. The recycle gas in milling system (red solid line in Figure 1 ) can jet into the furnace via the over fire stream (OFS) nozzles or let out after the fabric filter. The flue gas processing unit can realize the dust removal, desulfurization and condensation. Both in the wet and dry recycle conditions, the primary recycled flue gas is taken after the flue gas condenser (FGC). The secondary recycled flue gas is recirculated after the electrostatic precipitator (ESP) or FGC in the wet recycle or dry recycle, respectively.
The oxy-fuel combustion boiler ( Figure 2 ) is a typical industrial front wall-fired boiler, which measures 3.533 m in depth, 4.733 m in width, and 15.150 m in height. The burner system is arranged in the front wall, which including three 12 MW pulverized coal burners and two OFS nozzles. The swirl burner geometry is shown in Figure 2 . Central nozzle is for central air, which is used to protect the oil pipe. The inner annular nozzle is for the primary stream and pulverized coal, which uses the RFG after condensation during oxy-fuel combustion. This is to avoid the agglomeration of coal particles and corrosion issue by high humidity in the mill system. The outer annular nozzle is for the secondary stream, which uses RFG after condensation (dry recycle) or before condensation (wet recycle) during oxy-fuel combustion. The initial temperature of the primary and secondary stream is approximately 390 K and 500 K, respectively. The swirl number is about 1.0. Several groups of superheaters are symmetrically installed in the upper furnace. 
Commissioning tests
A sub-bituminous coal with 23.77% volatiles was used as fuel for the experiments. The proximate and ultimate analysis are given in Table 1 . The pulverized coal is milled to give a size distribution with mass fraction of 60% < 75 µm, 78% < 91 µm, and 99% < 200 µm. The operating conditions are presented in Table 2 . All cases are chosen to keep the same global equivalence ratio (approximately 0.85). Both in the dry and wet recycle conditions, the initial oxygen concentration is 28 vol% (DryO28 and WetO28). The choice of the oxygen fraction is motivated by the requirements of temperature and heat transfer, as well as the flame stability at different recycle rate. In all cases, the mass flow rate of the primary stream is maintaining unchanged to ensure the transport of pulverized coal to the furnace. Approximately 13% of total O 2 from ASU is introduced into the primary stream pipe, resulting in the O 2 concentration of the primary stream of approximately 20 vol%, which is similar to air. The O 2 concentration of the secondary stream is approximately 32 vol%. The purity of oxygen from the ASU is 98.4%. The impurities in the oxygen are simplified to N 2 in the simulations.
The temperature, heat transfer, and exhaust emission were measured in-situ. The temperature was measured by the hand-held radiation thermometer (OS3753). The temperature calculated from the radiation thermometer should be interpreted as a relative average along the line-of-sight. An in-house-designed gas sampling probe is used to collect gas samples in the furnace. The gas is dried and filtered after leaving the probe, and then gas is sent to an on-line gas analyzer. In order to maintain stable test conditions during the entire experimental period, the on-line gas analyzers are used to monitor the flue gas compositions (i.e., O 2 and CO 2 ). To investigate the heat transfer properties, a number of thermocouples are arranged in the wall and tubes to monitor the temperature of water and steam, including boiler feed water, drum, membrane-wall, superheater, and main steam, among others. 
CFD modeling
The modeling schemes for the simulations are summarized in Table 3 . The realizable two-equation k- model with the standard wall functions is implemented to model the gas phase flow. The chemical percolation devolatilization (CPD) model [9] is considered to model the devolatilization behavior. The coefficients for the CPD model are estimated from the proximate and ultimate analysis of the pulverized coal. The eddy-dissipation concept model with the JL mechanism [10] is applied to consider the chemical reactions of gas volatiles in air-combustion. However, large amounts of CO2 and H2O participate in the reactions and influence the reaction pathway in oxy-combustion. An inhouse developed global mechanism [11] based on the JL mechanism is adopted for oxy-combustion. The radiative transfer equation was solved by the discrete ordinates method with an angular discretization of 4 divisions and 4 pixels both in the polar and azimuthal directions. The WSGG model expanded for oxy-fuel condition by Guo et al. [12] was programmed into the code using a user defined function (UDF) for calculation of the gas emissivity. The radiative property of the particle is mainly determined by the particle concentration and size. The particle absorption coefficient p  and particle scattering coefficient p  are evaluated as follows, respectively [13] :
where pn
A , and pn f are the emissivity, projected area, and scattering factor of particle n. The particle emissivity and scattering factor in the present study are 0.9 and 0.6, respectively.
The model equations are discretized and solved by the finite-volume method and the implicit method. The SIMPLE algorithm is used to solve pressure−velocity coupling. In order to improve the simulation accuracy, the second order upwind scheme is employed. The mass flow inlet, pressure outlet, and temperature wall boundary are set as boundary conditions. The wall temperature is considered of 615 K, which obtained according to the saturation temperature of steam. The value of 0.45 is considered to the wall emissivity, because the boiler is new, and little ash deposition is observed on the wall. The Ansys Fluent v16.0 code is used for the present simulation, and the new models are implemented by the user defined function (UDF). In all cases, a fine hexahedral structured mesh system with 3,543,786 cells is employed, which is verified by comparing the results (e.g., velocity, temperature, and species) with those obtained using a finer grid with 5,462,764 cells. Table 3 Summary of computational modeling
Model Details
Gas radiation Improved WSGG model for oxy-fuel combustion by Guo et al. [12] Particle radiation
Radiation resolve Discrete ordinates method with 64 angular divisions
Coal devolatilization Chemical percolation devolatilization (CPD) model, the coefficients are estimated from the proximate and ultimate analysis of the pulverized coal Gas-phase reactions An in-house developed global reaction mechanism for oxy-fuel combustion [11] Reaction rate: eddy dissipation concept model
Char combustion Kinetic/diffusion-limited rate model 
Results and discussion
Temperature distribution
The flame temperature is the most important parameters, because of its 4th order dependence for radiative heat transfer. Therefore, in order to match the radiative heat transfer between air-and oxy-combustion, gas temperatures in the latter should be close to those found in the former. Figure 3 presents the effects of different operating conditions on the temperature distribution from the CFD results. It can be seen that a similar temperature distribution is achieved in these three cases, which indicates the radiative heat transfer in all cases is similar and the stable air-and oxycombustion can be achieved in the same burner system. The gas temperature in the burner zone slightly decreases under dry recycle condition, compared to the other cases. The temperature in wet recycle is higher than dry recycle at the same oxygen concentration in oxidant. Moreover, peak temperatures in the whole furnace of the Air, WetO28, and DryO28 cases are 1957 K, 1824 K, and 1712 K, respectively. The lower peak temperatures conducive to repress the formation of NO x . The change of the temperature distribution is caused by the physical and chemical effect of CO 2 . The physical effect refers to the increase in volumetric heat capacity by CO 2 addition. The chemical effect refers to the increase in ignition delay and decrease in reaction rate caused by CO 2 addition.
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Comparison of heat transfer
The heat transfer parameters between air-combustion and oxy-fuel combustion are listed in Table 4 . The boiler inputs in this three cases slightly differ in the realistic operation. In order to comparison, the transferred heat to membrane-wall and superheaters is normalized by the thermal input. As shown in Table 4 , the predicted results agree well with the experimental data, in terms of the heat transfer, peak temperature, and species concentration in the exhaust. Due to the increase of the volumetric heat capacity of the flue gas, peak temperature decreases under oxycombustion in the measurement area, which obtained by radiation thermometer. Although the peak flame temperature of the oxy-combustion decreases, the heat transfer in membrane-wall and superheaters increases under the wet and dry recycle oxy-fuel conditions. Due to the increased triatomic gas concentration and particle concentration, both the gas and particle absorption coefficient increase. Although the flue gas mass flow rate and velocity decrease, the increase in the heat conductivity coefficient leads to the slight increase in convective heat transfer coefficient. Considering the increased heat transfer coefficient, both the convective and radiative heat transfers increase under the oxy-fuel conditions, relative to that of air-combustion. 
The role of particle radiation
In order to investigate the influence of the particle radiation (unburn char and fly ash) on temperature distribution and heat transfer, four cases are added to calculated, including the cases with fuel of dry-ash-free pulverized coal and cases without the particle radiation under air-combustion and oxy-fuel combustion, respectively. The Air_with ash and Dry_with ash cases represent the realistic condition, which include the particle radiation of char and fly ash. The Air_w/o ash and Dry_w/o ash cases represent a given condition, which remove the fly ash. The Air_w/o particle and Dry_w/o particle cases represent a given condition, which ignore the particle radiation.
The sub-bituminous coal with ash content of 23.94 wt% is used in experiment. Figure 4 illustrates the impact of particle radiation in radiation temperature under air-and oxy-combustion. It shows that the radiation temperature drops with the removing of the particle radiation interaction. The peak radiation temperature decreases from 1598 K to 1518 K to 1448 K, and 1584 K to 1487 K to 1403 K for air-combustion and oxy-combustion, respectively. It is can be seen in Figure 4 , neglecting the ash radiation, although the radiation temperature decreases, the trend of the temperature distribution keeps unchanged. Removing the particle radiation will reset the radiation temperature distribution. The particle radiation has a significant influence on the temperature level and distribution. Figure 5 shows the area-averaged total absorption coefficient (including gas and particle) along the furnace height, including the air-combustion and oxy-fuel combustion. In oxy-fuel combustion, both the gas and particle absorption coefficient are larger than those in air-combustion. The contribution of unburn char radiation is mainly in the burner zone. While the contribution of ash in radiation is in all furnace. In the upper furnace, the total absorption coefficient slightly increases due to the increase of the particle concentration, which caused by the decrease of the gas velocity. The absorption coefficient ratio of particle to gas is about 2.5 and 2.4 in air-combustion and oxy-fuel combustion, and the total absorption coefficient is about 0.5 and 0.6 in air-fired and oxy-fuel combustion. So, particle radiation dominates the radiation heat transfer in the pulverized coal combustion. In order to predict the heat transfer in the furnace, an accurate particle radiative model is very important. Figure 4 . The impact of particle radiation in radiation temperature under air-combustion and oxy-combustion. (a\d) cases including particle radiation with dry-basis pulverized coal; (b\e) cases including particle radiation with dry-ash-free pulverized coal; (c\f) cases without particle radiation. Figure 5 . The area-averaged total absorption coefficient (including gas and particle) profile along the furnace height. 
Conclusion
In this paper, an experimental and numerical investigation on the heat transfer process is presented in an up-todate large pilot oxy-combustion plant in China. Different operation conditions (air-combustion, wet and dry flue gas recycle oxy-combustion) are examined. A stable air-and oxy-combustion can be achieved in the same burner system. The measured temperature and heat transfer are presented. Moreover, detailed numerical studies on oxy-fuel combustion are performed. The predicted results agree well with the experimental data. The initial oxygen concentration in both dry and wet recycle condition is 28 vol%. Although the peak temperature decreases, both the convective and radiative heat transfers increase under the oxy-fuel conditions than that of air-combustion because of the large amount of CO 2 that participates in radiative heat transfer. Moreover, the role of the particle radiation is investigated. In this study, with a sub-bituminous coal of 23.94 wt% ash content, the particle radiation (especially of fly ash) which dominates the radiation heat transfer in the pulverized coal combustion, has a significant influence on the temperature level and distribution.
